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Introduction
Voltage-gated calcium channels (VGCCs) in hair cells provide the trigger for both spontaneous and sound-evoked activity of cochlear afferent neurons (Robertson & Paki, 2002) . In amphibia (Lewis & Hudspeth, 1983; Roberts et al., 1990; Prigioni et al., 1992; Rodriguez-Contreras & Yamoah, 2001 ), reptiles (Art & Fettiplace, 1987; Art et al., 1993; Schnee & Ricci, 2003) , birds Zidanic & Fuchs, 1995) and mammals (Nakagawa et al., 1991; Beutner & Moser, 2001; Engel et al., 2002; Bao et al., 2003; Marcotti et al., 2003; Michna et al., 2003) , evidence consistently shows that the majority of hair cell calcium channels are 'L-type'. That is, they are dihydropyridine-sensitive, and preferentially permeant to barium over calcium. Some studies, particularly in vestibular hair cells, have identified a distinctive minority of channels that are dihydropyridine-insensitive (Su et al., 1995; Rodriguez-Contreras & Yamoah, 2001 ).
The L-type calcium channel of hair cells is encoded by the α 1D or Ca V 1.3 gene (Green et al., 1996; Kollmar et al., 1997b; Platzer et al., 2000; Ramakrishnan et al., 2002; Brandt et al., 2003; Michna et al., 2003; Dou et al., 2004; Hafidi & Dulon, 2004) . VGCCs in most hair cells activate and deactivate rapidly (within less than 1 ms) and remain open during 100-200 ms long commands to membrane potentials positive to -40 mV, showing little or no inactivation. This has long been viewed as consistent with the role of these channels in spontaneous, as well as sound-evoked transmitter release from hair cells. More recently however, evidence has been found for slow, seconds-long inactivation of voltage-gated calcium currents in hair cells of amphibia (Rispoli et al., 2000; Martini et al., 2004) reptiles (Schnee & Ricci, 2003) , and the inner (Marcotti et al., 2003) and outer (Michna et al., 2003) hair cells of the mammalian cochlea. Does this inactivation have functional relevance and if so, how is it reconciled with the requirement for steady-state gating? The implication is that additional processes must exist to modulate inactivation.
That is, such modulation would serve to ensure spontaneous activity, and at the same time, an adequate dynamic range for sound-evoked gating of the limited number of calcium channels (~100) thought to operate at each ribbon synapse (Roberts et al., 1990; Martinez-Dunst et al., 1997; Brandt et al., 2005; Fuchs, 2005) , emphasized by the fact that each ribbon is the sole input for a single auditory neuron in mammals. Also, such a mechanism could contribute to differences in spontaneous rate among cochlear afferent neurons (Merchan-Perez & Liberman, 1996) .
Calcium-dependent inactivation (CDI) of L-type calcium channels is mediated by calmodulin (Liang et al., 2003) , raising the possibility that the extent of CDI could be regulated by calmodulin-like calcium binding proteins (CaBPs) . Indeed, recent work has
shown that calmodulin-dependent CDI of Ca V 1.3 is diminished by heterologous coexpression with CaPBs (Yang et al., 2006) . One of these, CaBP4, is preferentially expressed in retinal photoreceptors (Haeseleer et al., 2004) and cochlear inner hair cells (Yang et al., 2006) , both employing ribbon synapses. Still further heterogeneity of CDI may result from alternative splicing of the Ca V 1.3 alpha subunit to eliminate portions of the calmodulin-binding 'IQ' domain (Shen et al., 2006) .
The present work seeks to characterize CDI and to nominate potential molecular mechanisms in chicken auditory hair cells. The chicken basilar papilla ('cochlea') is a tonotopically-organized sensory epithelium (Chen et al., 1994) containing some 10,000 hair cells differentially innervated by afferent and efferent nerve fibers (Fischer, 1992) .
Avian (chicken) hair cells share features in common both with those of cold-blooded vertebrates, as well as with those of mammals. Spontaneous afferent activity has preferred intervals (Salvi et al., 1992) , presumably reflecting the electrical resonance in chicken auditory hair cells (Fuchs et al., 1988) like that shown previously in turtles (Crawford & Fettiplace, 1981) . As in mammals, a subset of hair cells of chickens, 'tall hair cells', are preferentially innervated by afferent nerve fibers, possess numerous presynaptic structures (ribbons) and have relatively large voltage-gated calcium currents (Martinez-Dunst et al., 1997) . Corresponding tonotopic gradients occur in expression of calcium buffering proteins such as calbindin (Hiel et al., 2002) . Finally, developmental changes in ion channel expression by chicken hair cells (Fuchs & Sokolowski, 1990) parallel those observed in the mammalian cochlea (Kros et al., 1998) . The chicken otocyst and basilar papilla provide a useful model system for in vitro developmental studies (Sokolowski et al., 1993) , and an important source of comparative information.
We have examined the slow inactivation of calcium currents in tall hair cells of the chicken's basilar papilla, analogous to inner hair cells of the mammalian cochlea. The expectation is that basic molecular mechanisms of calcium channel modulation that are conserved throughout vertebrates should be evident here.
Methods
The basilar papilla (auditory sensory epithelium) was dissected from the temporal bone after decapitation of deeply anaesthetized (intramuscular pentobarbitol) chickens (Gallus gallus), 1 to 21 days old according to a protocol (# AV04M160) approved by the Institutional Animal Care and Use Committee of Johns Hopkins University. Procedures for inner ear microdissection and isolation of hair cells essentially followed those published previously (Fuchs et al., 1988) . The excised basilar papilla (auditory epithelium) was treated briefly with protease (0.1 mg/ml protease type XXIV, SigmaAldrich) to assist removal of the overlying tectorial membrane. 'Tall' hair cells (analogous to inner hair cells in the mammalian cochlea) were aspirated from a region 1.0 to 1.2 mm from the apical tip of the papilla, and then dispersed into a recording chamber.
Whole-cell, gigohm-seal voltage clamp
Whole-cell, patchclamp recordings were made from the isolated hair cells as described previously ) using commerciallyavailable equipment and software (Axon Instruments 200B, pClamp) . Patch pipettes (5 to 10 MΩ resistance) were coated with Sylgard or ski wax to reduce capacitance. The seal resistance before breaking into the whole-cell recording mode was always >2 GΩ.
In the standard 'inactivation protocol', the membrane was clamped to potential at which calcium current was maximal (between -20 and 0 mV) for 2 seconds. The extent of inactivation was determined as the fractional drop in current amplitude during that step.
For example, a reduction from 100 pA to 30 pA would constitute 70% inactivation. The time constant of inactivation was taken from a single exponential fit to the entire twosecond-long inward current. The cell was allowed to recover for 60 seconds between successive inactivation protocols. In other experiments a 100 mV, 100 ms-long voltage ramp was used to assess calcium current magnitude, voltage dependence and reversal potential before and following an inactivating voltage step. The same voltage-ramp also was used to assess the calcium current IV relation from different holding potentials, ranging from ~-90 to -50 mV. In these latter experiments the extent of inactivation was taken as the ratio of peak currents obtained during IV ramps from different holding potentials. Reverse-transcriptase polymerase chain reaction from chicken basilar papilla Basilar papillae were quickly removed from the severed head, and stored on dry ice.
RNA was extracted with TRIzol reagent, chloroform, isopropyl alcohol and RNase free water and subjected to reverse transcription with Oligo(dT)12-18 primers. Polymerase chain reactions (30 cycles) were run with primers specific for each of the 3 chicken CaBP orthologues identified from a homology search of the chicken genome (NCBI http://www.ncbi.nlm.nih.gov/genome/guide/chicken/). Amplified cDNAs were separated on gels, and bands of the predicted size cut out, subcloned into bacteria, excised, purified and sequenced (Johns Hopkins Sequencing Center).
Immunohistology
The inner ear was fixed in situ for 1 hour by perfusion with 2% paraformaldehyde. The otic capsule was dissected free and immersed in fixative for 2-3 hours more. The entire capsule was then prepared for cryosectioning at 10-14 µm thickness. Mounted sections were exposed to goat anti-ChAT (Chemicon) and rabbit anti-CaBP4, or rabbit antiCaBP1 (both CaBP antibodies from F. Haeseleer). Secondary antibodies were conjugated to ALEXA 488 or ALEXA 555. Labeled sections were viewed and photographed on an upright Nikon fluorescence microscope.
Results
Potassium blockers isolate hair cell calcium current
Hair cells were isolated from a region approximately 1 mm from the apical tip of the basilar papilla, corresponding to approximately 1 kHz along the tonotopic axis (Chen et al., 1994) . As in mammals, auditory hair cells in birds can be subdivided based on the pattern of innervation and cross-cochlear position. 'Tall' hair cells in chickens are analogous to inner hair cells of mammals, having the majority of afferent synaptic contacts and little if any efferent innervation (Fischer, 1992) . In contrast, chicken short hair cells have efferent, rather than afferent innervation (Zidanic, 2002 of potassium channel blockers, and elevating external calcium to enlarge usually small currents through these channels Martinez-Dunst et al., 1997) . The standard protocol used 20 mM external calcium, and holding voltages of -70 mV ( Fig. 1 B, C, D), negative to the activation range of the calcium channels (Zidanic & Fuchs, 1996) . Internal cesium completely eliminated the rapidly-activating calcium-sensitive (BK) potassium current of these hair cells. However, especially in the 'tallest' hair cells, whole-cell recordings still showed substantial outward currents at positive membrane potentials, as well as large, slow inward tail currents (Fig. 1B) . These residual currents probably result from the significant numbers of slowly-gating delayed rectifier and inward rectifier channels found in this cell type (Murrow, 1994) . These voltage-gated currents are particularly problematic because they are blocked by the external barium that was used for differentiating calcium-dependent inactivation of inward currents. Thus, 30 mM TEA and 3 mM 4-amino pyridine (4-AP) were added to the external saline. This combination eliminated slow tail currents and effectively isolated inward calcium currents (Fig. 1C) . The peak leak-corrected membrane current was inward up to +60 mV on average (+59.5 mV ± 1.0 SE, n =28), and did not vary as a function of calcium buffer (see later).
Under these conditions, prolonged depolarizing voltage steps then produced inward currents that decayed gradually (Fig. 1D ). The average time constant of decay obtained for maximal inward currents was 1.92 ± 0.17 s, SE, n =12) at room temperature.
This slow inactivation is the focus of this work and subsequent experiments will demonstrate that it results largely from calcium-dependent inactivation (CDI) of the hair cell's L-type calcium channels. Before doing so however, one further control experiment was required, a test for possible contributions from calcium-dependent potassium currents through small conductance (SK) channels (Matthews et al., 2004) . These are ordinarily activated through the release of acetylcholine at the efferent synapses (Yuhas & Fuchs, 1999) that are found on short hair cells. If also present in these tall hair cells, SK channels could be activated during prolonged voltage-gated calcium influx, as has been shown in reptilian (Tucker & Fettiplace, 1996) and mammalian hair cells (Marcotti et al., 2004) and their contribution might then be mistaken for calcium-dependent inactivation of calcium current. However, exposure to the SK channel blocker apamin at concentrations ten times those that block hair cell channels (Yuhas & Fuchs, 1999) produced no change in decay of the inward current (or amplitude of the subsequent tail current) produced by a long depolarization (Fig. 1D) , suggesting that few if any SK channels are available in these tall hair cells. Nevertheless, 500 nM apamin was added to the external saline throughout these studies to assure that all SK activity was eliminated.
Parameters of inactivation
As an additional assessment of the ionic basis of slow inactivation, the voltagedependence and reversal potential of calcium current was measured with a 100 mV, 100 ms long voltage ramp just before, and immediately after a 2 second-long inactivating step. If 'inactivation' results from calcium accumulation or contamination by residual unblocked potassium channels, rather than a simple closure of calcium channels, the reversal potential should undergo a negative shift as a function of 'inactivation'. In particular, SK channels in chicken hair cells are permeant to Cs + as well as K + (Yuhas & Fuchs, 1999) , yielding a negative equilibrium potential under these recording conditions.
Although the calcium current fell by more than 50% in the illustrated cell, the leakcorrected IV relation showed no significant change in shape or in the location of the reversal potential, ~ +70 mV in this cell ( Fig. 2A ).
Given the seconds-long onset of inactivation, it was necessary also to determine the rate of recovery so that repeated measures could be made on a single cell without risking accumulation of inactivation. The rate of recovery from inactivation was delineated by applying voltage ramps at various times after an inactivating voltage step to a maximally-activating voltage (1 mM EGTA internal, 20 mM calcium external). Under these conditions, a test ramp 100 ms after a 2 second-long inactivating step produced a peak inward current that was ~50% smaller than one immediately before the inactivating step. Over the course of approximately 10 seconds, the peak inward current recovered nearly completely (Fig. 2B ). The recovery half-time derived from a single exponential fit was 10.5 seconds. However, there was considerable variability between cells, and this value ranged from 5.9 to 47.9 seconds (95% confidence limits). To avoid residual inactivation, standard protocols were spaced at least 60 seconds apart throughout these experiments.
We sought also to determine whether there was significant intercellular variability in the extent of inactivation. Calcium current magnitude (but not cell volume) varies significantly among chicken auditory hair cells (Martinez-Dunst et al., 1997) . Thus it was of interest to determine whether inactivation varied as a function of calcium current amplitude among different hair cells, perhaps offering insights into underlying mechanisms. Maximal current amplitude in 20 mM calcium (obtained from the IV relation) was compared to the percent inactivation (the percent change in current amplitude during a 2 second inactivating voltage step) among the population of cells buffered with different concentrations of EGTA. However, no correlation was found.
Lines fitted through each group of cells with a given buffer concentration had slopes not different from zero (Fig. 2C) . Nor was any correlation found in cells buffered with BAPTA (not shown). This lack of correlation argues that current magnitude, i.e., calcium accumulation per se, did not determine the extent of inactivation. In particular, buffer saturation is unlikely to play a significant role, since even with minimal internal buffering (0.1 mM), calcium current size did not predict the extent of inactivation between cells.
However, as is evident from the vertical displacement of the fit for each group of cells, the extent of inactivation appeared to vary with the concentration of calcium buffer. This is shown further in Figure 5 .
Calcium current inactivation was measured during 2 second-long steps to voltages ranging up to +20 mV (Fig. 3A) . Inactivation, that is the percentage loss of current during the voltage step, was minimal negative to -30 mV and maximal positive to 0 mV (Fig. 3B) , and in some cases fell again at more positive voltages ( voltage-activated delayed rectifier type potassium currents, since these should rise steeply at more positive membrane potentials (Fig. 1B) .
Calcium-dependence of CDI Substitution of external calcium (20 mM) with barium (20 mM) enlarged the inward currents (Fig. 4A ). However, inactivation was considerably reduced and slowed with barium as charge carrier (Fig. 4B ). In the illustrated records (peak currents normalized) inactivation reached 75% in calcium and 15% in barium; while the time constant of inactivation was 1.2 seconds in calcium and 5.0 s in barium (group averages are given in Fig. 5 ). In addition to showing a requirement for calcium influx, the identical (essentially zero) slow tail currents in calcium and barium confirmed that little contamination by slow inward rectifier channels remained in these recording conditions (compare to Figure 1B ), since inward rectifier channels in chicken hair cells are blocked by external barium . Note also that the illustrated cell was weakly buffered with 0.1 mM EGTA, associated with stronger inactivation than seen with 1 or 10 mM EGTA (see Figure 5 ).
Substitution with barium demonstrated a requirement for calcium influx for inactivation to occur. The seconds-long time course further implies that relatively slow mechanisms such as endoplasmic calcium pumping could modulate the underlying cytoplasmic calcium signal. This possibility was examined using compounds that inhibit the activity of endoplasmic calcium (SERCA) pumps (e.g., tert-benzo-hydroquinone (BHQ) and thapsigargin). In cells buffered with 1 mM EGTA, inactivation became faster after treatment with 50 µM BHQ (Fig. 4C) . During exposure to SERCA blockers the time course of inactivation was better fit with a double, rather than single exponential, due to the appearance of a faster (τ ~ 100 ms) initial rate of decay. The origin of this process was not determined, but it did require that control records also be fit with double exponentials. Nonetheless, in 5 cells, the second, slower time constant of decay (over the last 1.8 s) was faster in the presence of BHQ, 1.18 s (± 0.7, SE), than in control conditions for those same cells, 1.71 s (± 0.3, SE). Correspondingly, the extent of inactivation was approximately doubled after SERCA block (Fig. 4D ). Thapsigargin (10 µM) had a nearly equivalent effect, producing a 1.8-fold increase in the extent of inactivation in 4 cells (Fig. 4D) . The effects of the SERCA blockers were not reversible during the time course of these recordings.
The effect of cytoplasmic buffering on CDI To explore further the calcium dependence of inactivation, the standard recording protocols were repeated using internal (pipette) solution containing EGTA or BAPTA at concentrations ranging from 0.1 to 10 mM. In keeping with its hypothesized calcium dependence, the degree of inactivation varied with buffer concentration. Lower concentrations of buffer resulted in faster, more extensive inactivation (Fig. 5A ).
Averaged time constants obtained from each group suggested a progressive slowing with higher buffer concentrations, as well as generally slower time constants in BAPTA than in EGTA (Fig. 5B) . However, statistical tests (ANOVA) showed significance (p < 0.05) only between the lowest buffer concentration (EGTA or BAPTA) and any other groups with 20 mM external calcium. The loss of significance arose primarily from increased variance in higher buffer conditions, presumably reflecting the difficulty of extrapolating fits beyond the 2 second time course of the conditioning voltage step.
Given the uncertainty of extrapolated time constant measures with strong buffering, it proved useful alternatively to measure the extent of inactivation that also varied systematically with the internal buffer concentration (cf. Fig. 2C ). Inactivation
(the fraction of current lost) reached an average value of 66% (3.1 SE, n = 14) in 0.1 mM EGTA, 48% (2.1 SE, n = 14) in 1 mM EGTA, and 37% (2.2 SE, n = 12) in 10 mM EGTA (Fig. 5C ). All these means were significantly different (p<0.05 by ANOVA).
Inactivation averaged approximately 17% when barium was substituted for calcium and this residual level had no significant correlation with buffer concentration. Although it did not reach statistical significance, the average peak current was largest in the highest buffer concentration (~120 pA in 10 mM EGTA compared to ~100 pA in 0.1 mM EGTA). Finally, there were no significant differences in the reversal potential measured during voltage ramps in the different buffering conditions.
A second series of experiments was undertaken with BAPTA, rather than EGTA as the internal calcium buffer. Here a similar relationship was obtained, with stronger inactivation for lower concentrations of buffer, with mean values significantly different at the 0.05 level (ANOVA) (Fig 5D) . Also as in EGTA, the largest initial currents were found with the strongest buffering, but again short of a significant difference. There appeared to be a trend toward less inactivation for equivalent concentrations of BAPTA compared to EGTA (e.g., 28% in 10 mM BAPTA, vs. 37% in 10 mM EGTA), however those differences were not statistically significant. As with EGTA buffering, modest residual inactivation remained when barium served as charge carrier, but again this did not vary with buffer concentration.
Inactivation in 2 mM calcium
The foregoing experiments were carried out by eliciting maximal currents (at voltages corresponding to the peak of the IV relation), with 20 mM calcium in the external saline.
This calcium concentration was chosen for consistency with earlier work (MartinezDunst et al., 1997) and to optimize signal-to-noise of the relatively small currents in these cells. The question arises then whether CDI occurs with more physiological calcium loads. Total calcium in chicken serum is ~ 5 mmol/liter (Prosser & Brown, 1961) while ionized calcium levels range from 1.4 to 1.6 mmol/l, e.g., (Peltonen et al., 2006) , and vary significantly during the egg-laying cycle, as well as between males and females. To approximate normal conditions then, calcium-dependent inactivation was also examined with 2 mM external calcium, and compared to 20 mM calcium on a cell-by-cell basis.
For 7 cells the peak inward current in 2 mM calcium was on average only 1/3 that in 20 mM calcium (Fig. 6A) . Nonetheless, the extent and time course of inactivation after a two-second-long conditioning voltage step (to the peak of the IV relation) was not significantly different under these two conditions (assessed by voltage ramps). This finding implies that the inactivation process was saturated by prolonged influx from either 20 or 2 mM calcium.
A second question is to what extent CDI occurs at lower levels of calcium channel gating, in particular, near the resting membrane potential at which spontaneous transmitter release occurs. This question was addressed in 2 mM external calcium by alternately holding the membrane potential at -90 or -50 mV for one minute, then probing calcium channel availability with a voltage ramp. For 7 cells the ratio of peak inward currents measured at -50 and -90 mV was 0.50 ± (0.07, SE). The inactivation occurring at -50 mV could be completely reversed by holding again at a negative membrane potential for one minute (Fig. 6B) . After correction for leak conductance there was no consistent change in reversal potential or overall position of the IV curve.
Calcium binding proteins in chicken basilar papilla.
Calcium binding proteins (CaBPs) constitute a family of seven calmodulin-like proteins that are thought to modulate the interactions of calmodulin (CaM) with target binding sites (Haeseleer et al., 2002) . Nucleotide sequences for mammalian CaBPs were used to scan the chicken genome (NCBI) and 3 partial coding sequences homologous with mouse and human CaBPs 1, 4 and 7 were identified. Messenger RNA was reversetranscribed from microdissected lagenar ducts (containing the basilar papilla and lagena).
All three orthologous CaBPs could be amplified using specific primers. Nucleotide identities of the RT-PCR products were 77% for CaBP4, 82% for CaBP1, and 89% for CaBP7. The RT-PCR products were translated to the equivalent amino acid sequences and compared to those for mice. Only 3 conservative amino acid substitutions were predicted by the chicken CaBP1 and CaBP7 cDNAs (Fig. 7 A, C) . However, the CaBP4 cDNA from chicken yielded a substantially more variant amino acid sequence, with only ~70% identical amino acids, although the majority of those changed were for amino acids in the same functional groups (Fig. 7B ).
Further confirmation of the expression of CaBPs was achieved using antibodies against the mammalian proteins, although these are available only for CaBP1 and CaBP4.
When applied to cross sections from the basilar papilla, antibodies to CaBP1 bound relatively well to the stereociliary bundle and cuticular plate region of hair cells (Fig. 8A, B) in addition to labeling the tectorial membrane and various cell types in the tegmentum vasculosum. On the other hand, hair cell cytoplasm, and in particular, the synaptic pole of tall (inner-like) hair cells, were not well-labeled. Although cholinergic efferent neurons preferentially label short, outer-like hair cells in chicken (Zidanic & Fuchs, 1996; Zidanic, 2002) , a few efferent endings labeled red with antibodies against choline acetyltransferase (ChAT) demarcate the synaptic pole of tall hair cells in Figure 8 . When antibodies to CaBP4 were employed, tectorial membrane and tegmentum vasculosum were essentially unlabeled, but more robust labeling of hair cell somata was achieved ( Figure 8B ). Stereociliary bundles however, were not labeled. In contrast to the pattern seen with antibodies to CaBP1, CaBP4 antibodies labeled the synaptic pole of the hair cells as strongly as the cuticular plates. These same patterns of labeling were achieved in four separate preparations.
Discussion
The present work was designed to establish the extent of calcium-dependent inactivation of hair cells in the chicken basilar papilla (analogous to the mammalian cochlea). This model was chosen as a representative vertebrate whose auditory epithelium shares features of structure and function with those of both cold-blooded reptiles and mammals (Fuchs et al., 1988; Fischer, 1992; Fuchs & Murrow, 1992) , and for which substantial auditory nerve data also exist, (e.g., (Saunders et al., 2002) ).
Prolonged (2 seconds) maximal calcium currents produced significant inactivation that was itself calcium dependent. The extent of inactivation in any one hair cell depended on the magnitude of calcium influx (i.e., as adjusted by changing membrane potential and so driving force on influx). Higher concentrations of internal calcium buffer (10 mM) reduced the extent of inactivation, while lower levels of buffer (0.1 mM) were associated with more rapid, more extensive inactivation.
Several observations suggest that CDI depended on the relatively gradual accumulation of calcium into an as-yet undefined 'activation volume'. First, the time constant of CDI was slow, nearly 2 seconds for maximal currents with 1 mM EGTA internal buffering, with a recovery half-time of 10 seconds. Secondly, the extent of inactivation was not significantly different whether EGTA or BAPTA was used as the internal calcium buffer, arguing that the more rapid binding kinetic of BAPTA was irrelevant to this gradual process. Finally, reduced activity of endoplasmic calcium pumps increased the extent and hastened the time course of CDI, as though a causal cytoplasmic calcium pool was enhanced. One possible interpretation of these observations is that CDI involves a process such as a phosphorylation cascade in which calcium-dependent kinases are involved. Activity in this cascade would vary in proportion to free calcium in the cytoplasm, itself a product of influx, buffering and pumping.
Given this hypothesis, it is of interest that the extent of inactivation did not vary with peak calcium current among the population of cells studied. The implication is that the cell-to-cell variation in calcium channel number (peak current) is accompanied by equivalent variation in associated mechanisms of calcium homeostasis. This is consistent with the supposition that calcium channels are clustered specifically at ribbon synapses in chicken (Martinez-Dunst et al., 1997) as in other species (Roberts et al., 1990; Issa & Hudspeth, 1994; Ricci et al., 2000; Khimich et al., 2005) . That is, each cluster of calcium channels generates its own local calcium load, regulated by local calcium stores and other homeostatic mechanisms. Variations in the extent of inactivation between cells could result from the relative positioning of ribbons (density), such that local calcium loads could overlap, or that fixed buffer efficacy (endoplasmic stores) varied between cells. The other related observation is that CDI was equivalent whether external calcium was 2 or 20 mM. Apparently then, the cytoplasmic 'activation volume' for calcium was saturated by prolonged influx from either of these conditions. This is not entirely surprising since the total change in driving force was theoretically less than 20% (26 mV out of ~ 150 mV). However, this supposition will depend on total buffer concentration.
Finally, CDI was substantial even for moderate levels of calcium influx. The peak calcium current was reduced by 50% when hair cells were simply held at -50 mV, near the presumptive in vivo membrane potential and near the foot of the calcium activation curve.
Studies of auditory hair cells of reptiles (Schnee & Ricci, 2003) and mice (Marcotti et al., 2003; Michna et al., 2003) also have shown that voltage-gated calcium currents inactivate. In turtle hair cells, for example, inactivation was sensitive to substitution of calcium with barium, and the extent of inactivation fell approximately 30% when internal BAPTA was raised from 1 to 30 mM. A virtually identical degree of inactivation of calcium currents (~50%) was obtained in turtle and chicken hair cells by a 40 mV change in holding potential. In contrast, inactivation in turtle hair cells was relatively insensitive to calcium buffering when compared to that in chicken, and barium preserved inactivation to a larger extent in turtle than in chicken hair cells. It is not known yet whether the L-type calcium channels of turtle possess calmodulin binding sites, so the molecular basis for these distinctions remains to be explored. Inactivation has been reported in both inner (Marcotti et al., 2003) and outer (Michna et al., 2003) hair cells of the neonatal mammalian cochlea. In both cell types inactivation was dependent on external calcium and the calcium driving force as expected for CDI. It was not determined whether CDI varied with internal calcium buffering or alterations in calcium store function.
CDI has been described at other 'tonic' (ribbon-dependent) synapses. In bipolar cell terminals from goldfish retina (von Gersdorff & Matthews, 1996 ) the extent and time-course of CDI were strikingly similar to that reported here in chicken hair cells and as in the present report, lower concentrations of internal calcium buffer were associated with more extensive CDI. The similarities between these two systems may not be accidental. Both goldfish bipolar cells (Logiudice et al., 2006) and chicken cochlear hair cells (Kollmar et al., 1997b) express Ca V 1.3 (α1D), a member of the dihydropyridinesensitive L-type family of voltage-gated calcium channels. This also is the predominant gene encoding voltage-gated calcium channels in mammalian cochlear hair cells (Platzer et al., 2000) . Recent studies have raised the possibility that CDI of these channels can be modulated by calmodulin-like calcium binding proteins (CaBPs) (Yang et al., 2006) .
These proteins may alter the action of calmodulin bound to IQ-domains on the carboxy tail of Ca V 1.3, thereby disrupting CDI that depends on calmodulin. CaBPs were first identified in mammalian retina (Haeseleer et al., 2000) . CaBP4 was found to be expressed specifically in photoreceptor terminals (Haeseleer et al., 2004) and subsequently in inner hair cells of the rat cochlea (Yang et al., 2006) . Unlike hair cells however, the photoreceptors express a different L-type calcium channel, Ca V 1.4, that does not inactivate when expressed in heterologous cells (McRory et al., 2004) . Thus, co-expression with CaBP4 had no impact on inactivation, but did cause a negative shift in the voltage activation range of Ca V 1.4 (Haeseleer et al., 2004 ). Functional interactions are likely then to depend on both the specific channel type, including splice variants (Kollmar et al., 1997a; Ramakrishnan et al., 2002; Shen et al., 2006) , and which of the family of calmodulin-like proteins are present in each cell type. In this context it is interesting that the partial sequence for CaBP4 found here was more variant from mouse than that for either CaBP1 or CaBP7. One might speculate that greater functional specialization has occurred for this 'synaptic' calcium binding protein.
What functional role might CDI play in chicken cochlear hair cells? The slow time course argues against participation in adaptation of afferent nerve firing that occurs within ~20 ms (Crumling & Saunders, 2007) , and has a temperature Q 10 of only 1.2 (Crumling & Saunders, 2005) . Afferent nerve adaptation in chicken may reflect exhaustion of presynaptic vesicular pools (Spassova et al., 2004) . Rather, CDI as observed in the present work could be important as a negative feedback mechanism that adjusts the 'steady-state' number of available calcium channels. This becomes particularly critical considering the limited number of calcium channels available to each ribbon. The relation between ribbon size and calcium current amplitude (Martinez-Dunst et al., 1997) implies that hair cells largely restrict channel expression to release sites, thereby minimizing total calcium flux. Indeed various studies report that only a small number of channels, 100 or fewer, will be found at each synaptic ribbon (Roberts et al., 1990; Martinez-Dunst et al., 1997; Brandt et al., 2005; Fuchs, 2005) and modeling studies suggest that small, dense channel clusters will provide the best temporal resolution for synaptic release (Wu et al., 1996) . With such a limited pool of channels to draw upon, the hair cell must ensure that some level of release continues even at rest, while simultaneously preserving the widest possible dynamic range. A negative feedback process such as steady-state CDI observed in the present work is able to make such adjustments, providing that CDI itself can be fine-tuned to each cell's specific needs. We propose that calmodulin-like calcium binding proteins could serve this role in avian, as in mammalian hair cells. Solid white line indicates double exponential fit to each record. D. The % inactivation in control (46.2 ± 2.9 SE, n = 5), 50 µM BHQ, ( 88.9 ± 3.5 SE, n = 5), control (40% ± 11 SE, n = 3) and 10 µM thapsigargin (72% ± 10 SE, n = 4). Each treatment condition differed significantly (p < 0.03) from its independent control (Student's two-tailed t-test). 1.9 SE, n = 13), 1.0 (42 ± 2.4 SE, n = 13) and 10.0 mM (28 ± 1.6 SE, n = 12) BAPTA.
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With barium as charge carrier (hatched bars) the % inactivation ranged between 14 and 19% with no significant differences between neighbors. A. Inward currents were measured in 13 cells exposed successively to 2 and 20 mM external calcium (1.0 mM EGTA internal buffer). Peak inward currents and % inactivation were determined from voltage ramps executed before and after a 2-secondslong depolarization to the peak of the IV relation from -70 mV holding voltage. The time constant of inactivation was taken from a single exponential fit to the current during the inactivating step. Only peak currents were significantly different (105 ± 8.8 pA, SE, n =13 in 20 calcium, 32 ± 2.4 pA, SE in 2 calcium, n = 13). The % inactivation in 20 mM calcium (48 ± 2.1 %, SE) and in 2 mM calcium (44 ± 4.3 %, SE) was not different (nor did it differ from the independent measurements averaged in Fig. 5 , 48 ± 2.2%), nor was the time constant of decay significantly different (1.9 ± 0.2 and 1.7 ± 0.3 seconds, SE, in 20 and 2 mM calcium respectively). B. Voltage ramps evoked inward currents in 2 mM external calcium from a holding potential of -90 mV (grey traces) before and after an IV collected at -50 mV holding potential (black trace). In 7 such experiments, the ratio of peak inward currents obtained at -50 mV to those from -90 mV was 0.50 ± 0.20. The average recovery value (comparing the IV peak from -90 mV before and 1 minute after inactivation) was 0.82 (± 0.08 SE). 
